Copper-, silver-and gold-containing metallothioneins luminesce in the 500-600 nm region from excited triplet, metal-based states that are populated by absorption into the 260-300 nm region of the metal-thiolate charge transfer states. The luminescence spectrum provides a very sensitive probe of the metal-thiolate cluster structures that form when Ag(I), Au(I), and Cu(I) are added to metallothionein. CD spectroscopy has been used in our laboratory to probe the formation of species that exhibit well-defined three-dimensional structures. Saturation of the optical signalsduring titrations of MT with Cu(I) or Ag(I) clearly show formation of unique metal-thiolate structures at specific metal:protein ratios. However, we have proposed that these M=7, 12 and 18 structures form within a continuum of stoichiometries. Compounds prepared, at these specific molar ratios have been examined by X-ray Absorption Spectroscopy (XAS) and bond lengths have been determined for the metal-thiolate clusters through the EXAFS technique. The stoichiometric ratio data from the optical experiments and the bond lengths from the XAS experiments are used to propose structures for the metal-thiolate binding site with reference to known inorganic metal-thiolate compounds.
Introduction
Studies of the rich biochemistry and chemistry of metallothionein began following the initial discovery and characterization of a cadmium and zinc binding protein from horse kidney by
Margoshes and Vallee in 1957 [1] . This protein was called metallothionein by Kagi and Vallee in 1960 and the first spectral properties were reported in 1961 [2, 3] . Since Cdr-MT isolated from rabbit livers [5] . Later, both H NMR [6] and x-ray crystallographic [7] techniques established the connectivities between the cysteinyl thiolates, S,, and the seven cadmium and zinc atoms. Figures 1 and 2 shows the sequence and metaI-S, connectivities for Cdr-MT 2a based on data of Kagi [8] . Figure 2 shows a representation of the structure for MT [5, 7, 9] , With the peptide chain wrapped round the outside of the binding sites, we see that the S,,-M-S,, bonds act to crosslink the peptide chain forming two, three-dimensional cores for the metal binding sites in the metallated protein. The metals bound to mammalian metallothionein can be exchanged by addition of a metal with a greater binding constant. The observed order of binding strengths for mammalian metallothioneins is: Zn<Cd<Cu<Hg. In Figure 3 , we show the CD spectral patterns recorded as Cdr-MT is formed by direct addition of Cd(ll) to aqueous solutions of ZnT-MT. A different spectral pattern is observed if Cd(ll) is added to the metal free protein, apoMT. The CD spectral data in Figure 3 show that the Cd(ll) displaces the Zn(ll) in both domains initially, before saturating with a stoichiometry of 7. Cd(ll) adds to apoMT in a domain specific fashion, first into the o domain up to a stoichiometric ratio of 4, then into the 13 domain up to Cd:MT=7 [10] . These two sets of CD spectral data introduce the two reaction pathways that dominate metal binding in mammalian metallothionein. An incoming metal can bind to either domain preferentially, which is a domain specific pathway, or to both domains on a statistical basis, which is a distributed pathway. Work by Winge et al. [11] has shown that equilibrated metallothionein in which 2 metals are bound exhibits domain specificity. For example, in Cd,Zn-MT, the Cd(ll) will be located primarily in the domain, while Zn(ll) will be located primarily in the 13 domain; in contrast, in Cu,Zn-MT, the Cu(I) will be located in the 13 domain while the Zn(ll) will be located in the o domain. Spectroscopic studies from our laboratory [12] suggest that initial binding is kinetically controlled and the incoming metals bind first in a distributed manner, after time, and at temperatures above about 15 C, the metals redistribute to form the thermodynamically stable, domain specific product. The M-MT structure has also been proposed for Co(II)7-MT based on absorption, magnetic circular dichroism (MCD), and electron paramagnetic resonance (EPR) [13] . A second structural motif is found for Ag(I) and Cu(I), in which a metal:MT stoichiometry of 12 has been determined [12b,12c,14] . Typically [8] .
This present paper concerns the spectroscopic characterization of metal binding to rabbit liver metallothionein. Using optical techniques, we can determine with high precision, the metal to protein stoichiometric ratios that result in the formation of distinct, three-dimensionally organized structures within the metal binding site.
Materials and Methods
For most of the experiments described here, Zn-MT was isolated from rabbit livers following in vivo induction procedures using aqueous zinc salts. In some instances the data were recorded from rat liver protein. The preparative methods were described in the original papers that are cited with the spectral data. Protein was purified using gel filtration and gel electrophoresis techniques [21] . Aqueous protein solutions were prepared by dissolving the protein in argon-saturated distilled water. Protein concentrations were estimated from measurements of the -SH group and zinc concentrations as described previously [22] . These estimations were based on the assumption that there are 20 [30] . The reason that recorded as Ag(I)is added to single solutions of rabbit liver apoMT; the spectra were recorded at 77 silver-thiolate compounds have a tendency to K. The emission intensity profile is plotted as a form aggregates is that there are strong function of the AgMT molar ratio. The emission secondary Ag...S interactions which will oppose intensity rises to a maximum at the AgMT=12 point, the formation of discrete molecular cycles, then falls slightly, accompanied by a red shift in the providing a driving force for aggregation and maximum to the Ag:MT=18point. Reproduced with polymerization. However, the steric bulk of the permission from Zelazowski et al. [18a] substituent R prevents close approach of the silver units and precludes concomitant Ag...S bridging interactions to form oligomeric aggregates. The Ag-S bond length in inorganic silver-thiolate clusters is very dependent on the coordination geometry of the silver(I) metal. Generally, the more sulfurs connected to the silver(I), the longer the bond length of Ag-S. However, the correlation between the bond length and coordination number is not straightforward as a result of the sophistication of the coordination environment, such as the secondary Ag...S interactions, the constraints imposed by ring closure, and the effects [30] , trigonal [30] , and tetrahedral [31] geometries, respectively, individual bond lengths vary sufficiently that they may overlap those of different geometries, Figure 15 . As in inorganic silver-thiolate compounds, digonal and trigonal coordination in silver metallothionein is possible. Circular dichroism and emission spectroscopies have proven to be very effective and precise in identifying structural changes in the metallothionein metal binding sites as metals have been introduced. The metal:protein stoichiometry can be established from the development of CD and emission spectral signals that reach a maximum intensity for a specific Ag:Scy stoichiometry.
Like Cu-MT, mammalian silver metallothioneins emit light, but only at 77 K. Figure 9 shows the emission intensity profile plotted as a function of the Ag(I):MT molar ratio. Spectra were recorded from different solutions formed by adding Ag(I) to apo-MT at room temperature. The emission spectra were recorded from the frozen glassy solutions. Three distinct spectra are observed; at Ag(I):MT of 6, 12, and ca. 18, (see also Figures 10 and 11 ) Unlike the set of spectra recorded for Cu-MT, Figure 8 , the band intensity is not quenched for Ag:MT>12, rather the band maximum red shifts. This spectral change coincides with development of new bands in the CD spectrum measured at room temperature and above, Figures 10 and 11 . The sign and magnitude of the bands in the CD spectrum to the red of 220 nm in metal metallothioneins are dependent on the chirality of the metal binding site as a whole [29] . Therefore, the appearance and disappearance of intensity in individual bands is related to the formation and collapse of the specific metal-thiolate species, respectively. Figure 10 shows the three-dimensional CD spectra recorded for a single solution of Znr-MT 1 at room temperature and pH 2.7. The gradual blue shift of the main CD peak when more than 12 Ag(I) are added to the protein from 310 nm for 12 Ag(I) to 300 nm with 17 Ag(I) identifies the major difference between Ag12-MT and AglT-MT 1. The formation of the Ag2-MT 1 species, however, is only very poorly resolved by CD spectra recorded at room temperature even though the CD spectrum distinctly indicates the formation of Agr-MT 1. In contrast to the CD spectra shown as Figure 10 , the Ag2-MT 1 species with its well-defined characteristic CD bands at 315 nm (+, strong) and 265 nm (-,very strong), is unambiguously identified from CD spectra recorded at higher temperatures (50 C) in Figure 11 . As at room temperature, addition of Ag(I) past the Ag:MT=12 point results in formation of Ag7-MT 1, with CD band maxima at 370 nm (-, weak) and 300 nm (+, strong). As the pH of the Znr-MT 1 solutions used in these titrations is quite low, the protein can be regarded as apo-MT because all 7 zinc atoms are released from metallothionein at low pH. We found that the formation of Ag2-MT and Ag-MT is better resolved in the CD spectra when Ag(I) is added to apo-MT at low pH values, rather than when Ag(I) is added to Znr-MT 1 at neutral pH [18b]. This may be due to the fact that the presence of seven zinc atoms in metallothionein interferes in the complete formation of Ag2-MT 1 as a result of the competition between the original tetrahedrally-coordinated Zn(ll) and the incoming Ag(I). The observation that formation of Ag2-MT 1 is more clearly shown in CD spectra when recorded at high temperature than at room temperature may imply that extra energy is required to overcome the relatively high activation energy to form the well-resolved Ag2-MT 1 species. The similarity in the Ag-S bond lengths in Ag2-MT 1 and in Ag-MT 1, Figure 15 [33] strongly suggest that the Ag(I) adopts a high fraction of digonal geometry in both species. Figure 12 shows the raw data in k-space (inset) and the Fourier transform of kx(k). Figure 13 shows the emission spectra recorded for glassy solutions of Au-MT and gold thiomalate at 77 K [35] . As with Cu-MT and Ag-MT, the band maximum exhibits a 300 nm Stoke's shift: excitation at 300 nm results in emission at 600 nm.
Summary of structuralproperties
The Cu-S bond length range in copper(I)-thiolate inorganic compounds with digonal and trigonal coordination geometries is shown in Figure 14 . It is obvious that the average Cu-S bond length for digonal geometry is about 0.1 A shorter than that found in trigonal geometry. Furthermore [32] Cus-MT [40] Cu 
